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ABSTRACT

Hemolysin is formed in sonic extracts of cells of
Poeudoonas geruainosa by the action of a heat-labile
substance, probably an intracellular "release" enzyme,
on a substrate from the disrupted cell. The substrate
and most of the hemolysin released can be sediniented by
high-speed centrifugation. Hemolysin-negative strains
appear to posose no release enzymie but do contain the
substrate, because addition of particulate nitter to
extractr of hemlysin-pouitive cells increases the rate
and extent of hemolysin formation. The rate of hemolysin
release in sonic extracts is strongly influenced by the
concentration of the two reactants and minor dilution
abolishes all activity. There is only a small amount of'
releose enzyme and oubstrate present in 24-hour cells.
but Increasingly greater amounts appear in extracts of
48- and 72-hour cells.
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I. INTRODUCTION

Although the hemolytic activity of strains of Pseudomonas aeruginosa
has been widely recognized, little definitive work has been done on the
production and characterization of the hemolysin. Berk 1

,
2 in preliminary

studies has established that this hemolysin is a heat-stable substance
produced in relatively low titer, that it can be concentrated by a variety
of routine procedures, and that both extracellular and intracellular
hemolysin can be detected. A survey has revealed that many species of
pseudomonads are hemolysin producers.3 The cited investigations employed
the cellophane membrane technique for the production of hemolysin. Attempts
to produce hemolysin by growth in liquid culture have failed. This paper
outlines the mechanism of production of hemolysin by strains of PseudomonaE
aeruglnosa and offers explanations for certain aspects of the formation of
hemolysin that were not formerly understood.

112 MATERIALS AND METHODS

A. YSSum 0 STMAINS

All the strains of Pedomona.eruino employed in this study were
derived from clinical materials submitted for microbiological analysis to
the Frederick Memorial Rospital, Frederick, Maryland. The identification
of these isolates as W. Aiosa was based on their reaction on triple
sugar iron agar, their pigmentation, and their characteristic odor. Stock
cultures were maintained at 4 C on Difco blood &gar base plants and were
transferred every three to four weeks to maintain viability.

B . HEMOLYSIN PRODUCTION ON MEMBRANE FILTERS

The method of producing hemolysin was essentially as described by Liu/s

and Berk. Standard (0.45 p) porosity membrane filters were placed on the
surface of previously poured and solidified trypticase soy agar.* The
membrane surface was inoculated by the spreading method with 0.1 ml of an
overnight trypticase soy broth culture of the Paeudomonas strain to be
investigated. After 48 to 72 hours of incubation at 37 C, the membranes
were transferred to small beakers, where the microbial growth was washed
off into 5 ml of 0.1 M phosphate buffer, pH 6.0, containing 0.35% sodium
chloride (referred to as "buffer-saline"). This suspension was then
centrifuged at 1640 x g in a clinical angle-head centrifuge for 10 min and
the supernatant fluid containing the hemolysin was decanted and stored at
4 C until used. The packed cells were discarded.

* Baltimore Biological Laboratories.
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C. PREPARATION OF SONIC EXTRACTS

Plates of trypticase soy agar were inoculated by spreading a drop of an
overnight broth culture of t'he Pseudomonas strain under study. After 48
hours of incubation, unless otherwise specified, the cells were washed off
with 5 ml of 0,1 IM phosphate buffer, *pH 8.0, sedimented in an angle-head
centrifuge, and resuspended in an equal volume of fresh buffer of the same
composition. The suspended cells were then treated in a 9 kc sonic
oscillator operating at maximum power output for 10 min, The resulting
extract was then centrifuged in an angle-head clinical centrifuge for 15 min
and the supernatant fluid was decanted and employed as described in
Section III, Results.

D. ASSAY FOR HEMOLYSIN

Samples to be assayed were aerially diluted in 1.5-fold dilution steps
in the pH1 6.0 buffer saline described above so that 0.5 ml of the dilution
remained in each tube. Then 0.5 ml of a 1% suspension of washed sheep
erythrocytes in 0.85% saline was added to each tube. The assay tubes were
incubated in a 47 C water bath for 60 min. Subsequently each tube received
2 ml of 0.857. saline and the contents were centrifuged for 10 min to remove
unlysed erythrocytes or erythrocyte debris. The supernatant fluid was
decanted and the optical density at 550 W was determined in a Beckman
Junior Spectrophotometer. The optical densities of the tubes were plotted
on linear graph paper against the dilution factors of the tubes and a 50%
hemolysis dilution was found graphically. The reciprocal of this dilution
was designated as the number of hemolysis units per ml of the original
sample.. Replicate series of asaays showed that the maximum error in this
procedure wan ±20%.

A. FACTORS AFTECTING FORMATION OF EXTRACELLUIAR HEMOLYSIN

Some preliminary information about factors concerned with production of
extracellular hemolysin by the membrane filter technique has already
appeared. It was found with a number of strains of P. aerugin sa that
there was always considerable soluble protein in those preparations that
contained hemolysin and it could be shown with a single strain that the
amount of hemolysin was closely related to the amount of soluble protein
present (Table 1). The report by Berki that the yield of hemolysin was
affected by the composition of the medium or by the amount of glucose in the
medium has been confirmed in this laboratory. The increases iiT heinolysin
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yield have been small but definite and the effscts of medium or glucose
variation can always be detected. The specific activities (units of hemolysin
per mg of protein) of such preparations are always nearly identical,
suggesting that there is no qualitative change in the mechanism of foimnation
of the hemolysin. The significance of the small variation in specific
activities is not known; however, it is clear that there are no major
changes in specific activity of hemolysin 1 roduced under a variety of
conditions. A general literature survey' of hemolysin formation showed
that there is little hemolysin produced in 24 hours of incubation but,
after 48 and 72 hours' incubation, the hemolytic activity of membrane
preparations is considerable. These facts, together with the observation4

that hemolytically active preparations contain appreciable quantities of
DNA, suggest that hemolysin arises as a consequence of cell autolysis. In
the present work, changes in the temperature of incubation did not increase
the production of hemolysin nor was the specific activity of the preparations
altered by different incubation temperatures.

TABLE 1. EFFECT OF MEDXUM COMPOSITION OR GLUCOSE CONTENT ON HEMOLYSIN
PRODUCTION BY A STRAIN OF ESMUNMNAS AEUGINOSA

Mediumi/ Hemolysin Protein, pg/ml Specific Activity-/

unite/mi

TSA 2.1 130 16.1

TSA + 0.25% glucose 2.1 140 15.0

TSA + 0.05% glucome 2.6 180 14.4

TSA + 0.757. glucose 3.6 195 18.5

TSA + 1.0% glucose 4.1 225 18.2

BAB 3.6 320 11.2

Albimi agar 8.8 615 11.1

Tryptose agar 3.3 330 10.0

0asamino acids agar trace 40

Heart infusion agar 2.6 2.13 12.2

a. TSA - trypticase soy agar; BAB Blocod agar base. Cacamino acids
agar is that medium described by Mennignan. 6

b. The specific activity of the preparation is described as the
hemolytic units per mg protein.



B, HEMLYSIN IN CELL-FREE EXTRACTS PREPARED BY SONIC OSCILLATION

Cell rupture in a French pressure cell reportedly releases intracellular
hemolysin from a strain of P. aeruginosa2 and this intracellular hemolysin
has properties very similar to those of the hemolysin in membrane filter
preparations. Exposure of cells of a variety of strains of P. aeruginosa
to sonic oscillation releases hemolysin into the surrounding medium. The
results with a single strain are presented in Table 2. The high zero-time
content of hemolysin arises from autolysis occurring on the membrane during
growth. It is apparent that more hemolysin is released as the length of
exposure to sonic oscillation increases. The specific activity of these
preparations was variable but always considerably lower than the specific
activity of extracellular hemolysin prepared by the membrane method.

TABLE 2. RELEASE OF HEMLYSIN FROM CELLS OF ESEUDOMONAS AERUGINOSA
BY DISRUPTION IN A SONIC OSCILIATOR*I

Minutes of Hemolysin, Protein, 4g/ml Specific Activity

Oscillation units/ml

0 7.1 490 14.5

5 10.0 890 11.2

10 11.0 1190 9.2

20 15.5 1780 8.7

30 16.5 1880 8.7

a. Cells of strain A grown by membrane filter method for 48 hr at
37 C. Harvested in 0.067 M phosphate buffer pH 6.0 and
disrupted by treatment in the sonic oscillator at full output
for the times indicated. Samples centrifuged in angle-head
centrifuge for 10 min and supernatant fluid decanted and
assayed for hemolysin and protein content.

C. APPARENT ENZYWATIC RELEASE OF IEMLYSIN DURING INCUBATION OF SONIC
EXTRACT

The differences in specific activity betwe.n extracellular and intra-
cellular hemolysin plts other empirical considprationis led to the concept
that che hemolysin was being released either by an .or-zvnTnc attacking a
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substrate exposed by disrupting the cell by sonic oscillation or by natural
autolysis. Therefore, sonic extracts from 48-hr cultures of several
strains were prepared as dencribed and incubated at 37 C. At zero time and
at selected intervals, a sample was withdrawn and heated for 10 min in a
boiling water bath to inactivate the proposed enzyme. As controls, a large
sample of sonic extract was heat-inactivated as described immediately after
preparation and then incubated at 37 C, as were the other samples. The
results (Fig. 1) show that there is a heat-sensitive release of hemolysLn
during incubation of sonic extracts and that there is no detectable hemolysin
in the sonic extract of strains A or C immediately after preparation. Heat
treatment immed.ately after preparation of the sonic extract abolishes the
release of hemolysin during subsequent incubation at 37 C. Strain D of
P. aeruginosa which does not produce hemolysin by the membrane method, also
did not yield any hemolysin during incubation of a sonic extract prepared
from it.

The rate of release of hemolysin during incubation of sonic extracts at
37 C is strongly influenced by minor dilution, A sonic extract of strain A
prepared from double the usual cell concentration was diluted as presented
in Fig. 2 and the rate of release of hemolysin from these dilutions was

determined. It is apparent that dilution by a factor of 2 lowers the rate
of release of hemolysin by a factor of 5.2. Such data strongly support the
concept that a release enzyme acts upon a substrate to release the hemolytio
substance, Alternatively, these data could indicate that two enzymes are
involved in the release of hemolysin. Such a system would require that the
substrate be at saturation levels but the relcase of hemolysin from added
particulate material (Fig. 3) indicates that saturation levels of substrate
do not occur in these sonic extracts. Therefore, the simpler interpretation
of one enzyme - one substrate reaction seems to be valid.

1). RE, 1MASE OF HEMLYSIN FROM VARIOUS STRAINS BY A SINGLE RF.ASE ENZYM

Preliminary experiments have determined that the substrate acted upon
by the release enzyme was particulate anJ could be sedimented by centrifu-
gatini. Accordingly, sonic extrac*ts of several strains were prepared as
described and immediately heated for 1.0 min In a boiling water bath to
inactivat. the release enzy I,-, the e The pa&LLtulatu f terial wae
sedimented by centrifugation at 28;000 x g for 5 hr and resuspended in
one-hali the amount of fresh 0.1 M phosphate buffer, pH 8.0. Equal amounts
of tlh(se particles were then added to samplps of freshly prepared sonic
extract of strain A. The mixtures were thfmn Incubated at 37 C and samples
were taken immediately and at uppropr.at:e in tervals and heated in a boiling
water bath for 10 mmn to inactivate the replase enzyme of the strain A
extract. The results (Fig. 3) show t.haI the Ce iease enzyme of strain A is
able to act upon the particulate material f rom any of the str'ains tested.
It is of particular interest Lo note that hemolysin is released from
particulate material. prepared f-om stral.n 1). suggesting that this strain
does nwt produce hemolysin because of a deftciency in release enzvme rather



1.0

6-

C

0

2 Strain C

- 4- X Strain A
Et

C

E22

1Strain D or
heated Strain A

Minutes of incubation at 37 C

Figure 1. Release of !iemolysin by Incubation of Sonic
Extracts of Several Strains of Paeudomonas
Ae ruxinosa.



20-

UNDILUTED

18- Rate 6.8 units/kr

16-

14-

- 12-

C 10-

E
* *------(Dluteci 1.5 fold

Rate 2.6 units/ur

6-

..ODiluted 2 fold

4R-t 1.3 units/kr

2- Diluted 3 fold
ajte =0 unit/kr

60 120 180 240 300
Minutes incubation at 37 C

Figure 2. Effect of Diluttion of Extract on Rchlese
of Ile-molyslu1



12

K particles

10-

9-

8 C particles

D particles

7-47

C

B particles

E

5-

3 A extract alone

60 120 180 240

Minutes incubation at 37 C

Figuioe 3. Release of Hlemolysin from Particulate Material
of Several Strains when added to Strain A
Sonic Extract.



13

than in substrate. Other strains, hemolysin-negative by the usual criteria,
have not been similarly tested. The hemolytic activity of the particulate
matter before exposure to the release enzyme is always observed. It
appears that sufficient agitation, such as in the preparation of these
particle suspensions, leads to nonenzymatic hemolysin release.

E. HEMOLYSIN RELEASE IN SONIC EXTRACTS OF CELLS OF VARIOUS AGES
Since, by the membrane method, hemolysin is produced only after incu-

bation for 48 hr or more and is associated with autolysis, it was of interest
to determine the hamolysin release properties of sonic extracts prepared
from cells of strain A grown for varying periods of time. Although the
amount of protein in the extracts varied considerably, a.comparison can
easily be made by converting all results to the level of 2 mg protein per -n3.
This can be done taking into account the demonstrated influence of dilution
on the release rate. The results presented in Fig. 4 show that 24-hr
cells possess little of the release enzyme, as evidenced by the alow rate
of liberation of hemolysin, and also possess little of the substrate, as
demonstrated by the low final level of hemolysin attained. In contrast,
the 48-hr and 72-hr cells possess much more enzyme and substrate, the 72-hr
cells in particular possess both reactants in large amount.

F. PARTICULATE NATURE OF THE HEMDLYSIN

It was assumed, in consonance with other hemolysins studied, that this
hemolysin was a protein molecule with unusual heat stability.' Several
attempts to band the hemolysin by sucrose density gradient centrifugation
were unsuccessful and all the hemolytic activity could be recovered in the
pellet that developed in the bottom of the tube. Therefore, the sediment-
ability of the hemolysin during release from substrate In a sonic extract
of strain A was determined by centrifugation at 28,000 x g for 5 hr. The
results presented in Table 3 illustrate the particulate nature of the
hemolysin but also show that, as the incubation of sonic extract proceeded,
some hemolysin was released that was not sedimentable and may be in a truly
soluble form. It is of interest that the "soluble" hemolysin never exceeds
257 of the total hemolysin and that release of the soluble form stops when
total release also ceases. Included in Table 3 are the results obtained
from centrifuging a sample of extracellular hemolysin produced by the
membrane method. It is apparent that this sample, also, possesses mostly
sedimentable hemolysin but that some hemolysin remains in the supernatant
fluid. The suggestionloR that hemolysin produced by growth on membrane is
qualitatively different from the hemolysin released by cell rupture is not
supported by this observation.
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TABLE 3. SEDIMENTABILIT'Y OF THE HEMOLYSIN RELFASE BY INCUBATION
OF SONIC EXTRACTS OF STRAIN A OF PSEUDOM)NAS AERUGINOSA

Incubation, Total Hemolysin Units
r:inutes Hemolysin Units in Supernatant

0 0 0

30 3.1 0

60 4.7 1.2

120 6.8 2.0

240 10.5 2.4

300 11.5 2.7

Extracellular 5.8 1.9

preparat ion

I&M. DISCUSSIQo

The results demonstrating the influence of concentration of sonic

extract on the rate and extent of hemolysin liberation suggest the reason
for failure to obtain hemolysin in liquid cultures,' Autolysis of cells

in liquid culture leads to such dilution of the cell debris and intracellu-
lar contents that hemolysin is not liberated by the enzyme at an appreciable
rate. Obviously, during cultivation on solid medium, the cell concentration
is much higher and there is little or no dilution of the autolytic products,
so that hemolysin production follows autolysis. In addition, the higher
specific activity of hemolysin preparations obtained by growth on membrane
as compared with sonic extracts probably results from the relatively pro-
longed incubation time for substrate and release enzyme on the membrane
filter.

At present, nothing is known of the precise nature of the hemolysin or
the rolease enzyme that liberates it from the particulate material of a
sonic extract. The release enzyme is probably not concerned directly with
the autolytic process itself, since several strains autolyse extensively but
produce no hemolysin. The particulate material from one of these strains
(D) contains hemolysin that can be liberated by treatment with strain A
sonic extract (Fig. 3). However, as the culture ages, the cells possess
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more release enzyme and more substrate than in young cultures so that upon
autolysis, conditions are favorable for liberation of hemolysin. The fact
that most of the hemolysin is sedimentable and must be composed of particles
larger than 100S suggests that fragments of the cell wall or cell membrane
carry the hemolysin and express hemolytic activity. Such observations
have very recently been made with cell wall fractions of mycobacteria. To
what extent the hemolytic activity of other members of the Enterobacteraceae
is similarly produced is unknown.

Attempts to isolate and identify the release enzyme and the nonsediment-
able form of the hemolysin are in progress. Literature reports' and
unpublished work in this laboratory attest to the salting out of the
hemolysin upon addition of ammonium sulfate. We have found that these
procedures give erratic and unsatisfactory results. In view of the demon-
strated particulate nature of the bulk of the hemolysin, the unreliability
of salting-out manipulations becomes clear because the amount of hemolysin
collected by centrifugation following addition of ammonium sulfate depends
on the size of the hemolytic particles and on the speed and time of centrifu-
gation. The probable heterogeneity of the hemolytic particle sizes would
preclude the employment of customary techniques for the isolation of a
single molecular or particulate species. A recent Oapeiby Berk7 details
the problems encountered in attempting to purity the hemolysin from a
preparation that, must be largely particulate.

Finally, it appears that this hemolysin plays only a m;or role in the
pathogenLcity and/or virulence of this organism. The only pa thological
process that might meet the requirements for hemolysin formation (high-
cell density and extensive autolysis), is an asoess. However, the recent
reporta that colicine can be potentiated and endotoxin altered by treatment
with hemoglobin renews the expectation that the ability to produce
hemolysin is related to the pathogenicity of enteric bacteria.



17

LTERATUM CITED

1. Berk, R.S. 1962. Production and characterization of Paeudononas
eerugLno9a hemolysin. J. Bacteriol. 84:1041-1048.

2. Berk, R.S. 1963. Intracellular henolysirt of Paeudomonas aerto .! .
J. Bacteriol. 85:522-526.

3. Liu, 1.V. 1957, Survey of hemolysin production among species of
pseudomonads. J. Bacteriol 74:718-727.

4. Alt e bern, R.A. 1964. A qtudy of hemolysin production by strains of
psegdoanat aeruzinose. Bacteriol. Proc, p. 81. (Abstr.)

5. Mennigman, H,-D., and W. $aybalski. 1962. Molecular machanism of
thymine-less death. Biochem. Biophys. Res. Coiun. 9:398-404.

6. Mori, R., K. Hisataune, and K. Takeya. 1964. Hemolytic activity of
mycobacterial cell wall fraction, Jap. J. Microbiol. 8:1-1.

7, Berk, R.S. 1964. Partial purification of the extracellular hemolysin
of kgaUdoas jpjslgin . J. Bacteriol. 88:559-565.

8. Vunakis, H.V., A. Ruffillij and L. Levine# 1964. Colicine Ka.w .
endotoxins: Effect of hemoglobin and its subunits on their antl~b'.i.c
and serological properties. Biochem. Biophys. Res. Comsi. 16 f-191-299.



19

PRECEDING PAGE BLANK

DISTRIBUTION LIST

ADDRESSEE NUMBER OF COPIES

Assistant Scientific Director 1
Building 812

Directorate of Biological Research 1
Building 560

Directorate of Industrial Health & Safety 1
Building 550

Chief, Program Coordination Office 1
Building 825

Chief, Medical Bacteriology Division 10
Building 560

Chief. Medical Investigation Division 1
Buildi-ng 604

Chief, Physical Sciences Division 2
Building 568

Chief, Process Development Division 1
Building 469

Chief, Technical Evaluation Division 1
Building 568

Chief, Virus & Rickettsia Division 1

Building 539

Documents, Technical Lib. ary 2
.%illding 426

.hief, Test Sphere Branch 1
Technical Evaluation Division
SiLlding 568

ChieE, Test Chamber Branch I
Technical Evaluation Division
.5jiiding 1412

Te-lai.:-al Releases Branch 10
T2chnical Tnfo-nation Division

- ELding 426



20

ADDRESSEE NUMBER OF C0PiES

Editorial Brauich 1
Technical Information D1vicion
Bui lding 816

Assstant Director, Biological Engineering
Building 722

Liaison Representative Animal Disease Investigations
Building 1301

U.S. Public Health Ser.vice Liaison Office 9
Builling 1301

Commanding Officer 3
U.S. Naval Unit
Building 125

Commanding General
U.S. Army Edgevood Arsenal
ATTN; zHiFA-CS
Edgewood Arsenal, Maryland, 21010

Commzadinp, Officer 2
U., Army Chemical Raaearch & Development Laboratories
ATTN: Librarifan

Edgewood Arsenal, Maryland, 21010

Commanding General
U.S. Army MunLtions Comand
ATTN: AMSMU-CS
Dov#or New Jersey, 07801

Coimnanding General
.S. Army Munitions Conmmand

ATTN: AMSMU-RE-RR, Mr. C. Chesnov
Dover, New Jersey, 07801

Comnwndi n General
U.S° Arny Mciteriel Cormand
Research DivIsIon, AMCRD-RC
R&D 0i1rectorate
WashingLon, D.C., 20315

Delouse Documentatio Center 20
Cate o-n stat :'n
A]h'e.-,ndria Virginia, 22314



21.

ADDRESSEE NUMBF'R OF CO)PIES

Detachment 4, RTD (ATCB)
Egli.n Air Force: Base, Fiorida, 325Li2

APGC (FGBAP-I)
1Mglln Air Force Base, Florida, 32542

Dr. S.li, ladin
Seieneitic Dipctar
Naval Biologt.cal Laboratory
Naval Supply Couter
Onkland, Califonria, 94614

Cmunding Officer and Dirercor
U.S. Nawl Applied Science.. Laboratory
Naval Base, Code 9440
Brooklyn, New York, 11251

!:.S. Amty St.adardization Group - Canada
Office, Senior Standardizat:on Rep.
c/o Director of Equiptmrnt Policy
COMUHdj.An Aimy Headquarters
Ottawa 4. Canada

hi tions/TW 3
Defence Research Staff
Britinh Embatsy
3100 Masachuatts Avenue, N.W.
Washington 8, D.C.

Can,adi'in LiaiSon Office (CBR)
but ]dixg 5101

dg~wood Arienal, Maryland, 21010

Australian Embassy 2
ATN, Lt. Col. P.D. Yonge.

Atistralian Am v Staff (14)
2001 Cuil.necticut Avenue, N.14.
Washington 7, D.C.

Dr. Rohoi:t A. A.tcbern i0
ding 500d ision

.111f WdIng 5(A)


